We examined the reliability of a certified reference material (CRM) for urea (NMIJ CRM 6006-a) as a calibrant for N, C, and H in elemental analyzers. Only the N content for this CRM is provided as an indicative value. To estimate the C and H contents of the urea CRM, we took into account the purity of the urea and the presence of other identified impurities. When we examined the use of various masses of the calibrant (0.2 to 2 mg), we unexpectedly observed low signal intensities for small masses of H and N, but these plateaued at about 2 mg. We therefore analyzed four amino acid CRMs and four food CRMs on a 2-mg scale with the urea CRM as the calibrant. For the amino acid CRMs, the differences in the analytical and theoretical contents (≤0.0026 kg/kg) were acceptable with good repeatability (≤0.0013 kg/kg in standard deviation; n = 4). For food CRMs, comparable repeatabilities to those obtained with amino acid CRMs (≤0.0025 kg/kg in standard deviation; n = 4) were obtained. The urea CRM can therefore be used as a reliable calibrant for C, H, and N in an elemental analyzer.
Introduction
The protein content of foods and animal feeds is frequently analyzed as a measure of quality. [1] [2] [3] In most cases, the N present in foods and animal feeds originates from protein, and therefore the analyzed N content of one of these materials can be converted into the corresponding protein content by multiplying by an appropriate property factor. [1] [2] [3] As a result, a number of official methods have been developed for the analysis of N in foods and animal feeds. [1] [2] [3] [4] The Kjeldahl method, developed by Johann Kjeldahl in 1883, 5 is a conventional methods for the analysis of N. Because the N content obtained by this method is reasonable and accurate, the Kjeldahl method has been adopted in several official methods. 4 However, the Kjeldahl method involves digestion, distillation, and titration processes and, as a result, it takes more than 2 h to obtain an analytical result by this technique. Furthermore, the method involves the use of hazardous reagents, such as sulfuric acid and sodium hydroxide.
Another method for N analysis, based on the Dumas method, 6 and involving the oxidation and combustion of organic compounds, has recently been refined. [1] [2] [3] [7] [8] [9] Among the advantages of this method are that it involves simple analytical procedures, and it does not require the use of hazardous reagents. This method sometimes gives different analytical results from those obtained by the Kjeldahl method, possibly as the result of a loss of N during the digestion and distillation stages of the Kjeldahl method. [1] [2] [3] [7] [8] [9] Although further investigation is required to achieve consistency in the analytical results from the Kjeldahl and Dumas methods, [1] [2] [3] [7] [8] [9] a combustion method based on the Dumas method is convenient, at least for the screening of N contents, especially when an elemental analyzer is used (<10 min per analysis). Another advantage of using an elemental analyzer is that the carbon and hydrogen contents can be determined along with the N content, and these analytical results are also useful in relation to the characterization of samples.
Reliable analytical results are required, even if the main purpose of the analysis is that of screening; therefore, it is important to use a reliable calibrant. [1] [2] [3] Recently, the N content of a certified reference material (CRM) for urea (NMIJ CRM 6006-a) has been provided for use in determining the N content of materials by the Kjeldahl method; 10 this CRM has an indicative value of 0.4661 kg of N per kg with an expanded uncertainty of 0.0006 kg/kg, corresponding to a half-width of approximately 95% of the confidence interval, as calculated by using a coverage factor (k) of 2. Furthermore, the theoretical NIn this study, we examined the reliability of the urea CRM as a calibrant for C, H, and N for elemental analyzers. First, we calculated the proportions by mass of elemental C and H in the CRM based on the purity of the urea. We then checked the relationship between the masses of the various elements and their signal intensities. In this step, interesting behaviors of C, H, and N were observed, so we determined which factors affected the results, and identified the optimal mass for use in analyses to be 2 mg. We then used the urea CRM as a calibrant for element analyses of four amino acid CRMs and four protein-containing food CRMs. The C, H, and N contents obtained by using the urea CRM were reasonable for the amino acid and the food CRMs. The urea CRM can therefore be used as a reliable calibrant for C and H, as well as for N, in elemental analyzers.
Experimental

Reagents and chemicals
Urea CRM (NMIJ CRM 6006-a) issued by the National Metrology Institute of Japan (NMIJ) was used as a calibrant. Its certified value (purity as urea) is 0.999 ± 0.001 kg/kg, and its content of N, as an indicative value, is 0.4661 ± 0.0006 kg/kg. 10 Four amino acid CRMs (NMIJ CRM 6011-a, L-alanine; NMIJ CRM 6013-a, L-isoleucine; NMIJ CRM 6014-a, L-phenylalanine; and NMIJ CRM 6022-a, glycine) [11] [12] [13] [14] and four food CRMs (NMIJ CRM 7402-a, cod fish tissue; NMIJ CRM 7403-a, swordfish tissue; NMIJ CRM 7511-a, soybean; and NMIJ CRM 7512-a, milk powder) [15] [16] [17] [18] were also obtained from NMIJ. N-Phenylacetamide (acetanilide, C8H9NO), as a standard for the CHN analyzer, was obtained from PerkinElmer (Waltham, MA).
Instruments and sample application
An ultramicro balance UMX2 (range, 0.1 μg to 2.1 g; Columbus, OH) and a 2400 Series II CHNS/O System elemental analyzer (PerkinElmer) were used. The combustion and reduction temperatures were set at 925 and 640 C, respectively. To examine the phenomenon observed by the PerkinElmer's instrument, we also used an ultramicro balance SE2 (0.1 μg to 2.1 g range; Sartorius; Gottingen, Germany) and a CHN corder MT-5 (Yanaco, Kyoto, Japan; combustion temperature, 950 C, reduction temperature, 550 C).
Several sample weights of the urea CRM (~0.2, ~0.4, ~0.6, ~0.8, ~1.0, ~1.2, ~1.5, and ~2.0 mg) were used to examine the calibration curves and factors. Samples of the amino acid CRMs and food CRMs weighing 2.0 mg were introduced into the instrument without any pretreatment. Analyses were performed in quadruplet in each case.
Results and Discussion
Estimation of the C and H contents of the urea CRM
The nitrogen content of the urea CRM (0.4661 ± 0.0006 kg/kg), as determined by the Kjeldahl method, is provided as an indicative value. 10 However, the C and H contents are not provided. Therefore, we initially estimated the C and H contents of the urea CRM from its purity as urea (0.999 ± 0.001 kg/kg). To estimate the C and H contents from the purity of CRM, we used the following equation:
where the term (M × P × Rx) represents the contribution from the main component (urea), the term ∑(Ci × Rxi) represents the contribution from the identified impurities, and the term (C′ × R′x) represents the contribution from unidentified impurities. M is the calibrant mass (mg), P the purity of the urea CRM (kg/kg), Rx the theoretical content of element X (kg/kg; X = C, H or N), Ci the concentration of identified impurities (kg/kg), Rxi the content of element X in the identified impurities (kg/kg), C′ the concentration of unidentified impurities (kg/kg), and R′x the content of element X in the unidentified impurities (kg/kg). According to the certificate for the urea CRM, 10 biuret (0.00025 kg/kg), triuret (0.00004 kg/kg), cyanuric acid (0.00003 kg/kg), and water (0.0001 kg/kg) are the identified impurities corresponding to ∑(Ci × Rxi). The term (C′ × R′x) was ignored, because the estimated value of (C′ × R′x) was 0.00058 kg/kg (1 -∑(Ci × Rxi)), which is within the range of uncertainty of the purity (0.001 kg/kg). The obtained contents of C and H were 0.2000 and 0.0671 kg/kg, respectively.
Validation of the relationships between the masses of the elements and their signal intensities
In the elemental analyzer, a test sample introduced into the instrument is burned in oxygen. The resulting combustion gases are then reduced to convert any oxides of N to elemental N, and then separated in a column. To determine the mass of an element in the sample accurately, the signal intensity must show a good linear relationship with the mass of the element in the calibrant. We therefore examined the relationship between the signal intensity and the mass of each element in the urea CRM (Fig. 1) .
Both C and N showed good linear relationships (r 2 = 0.99999 for C and r 2 = 0.99992 for N), whereas H showed a poor linear relationship (r 2 = 0.99287) that varied depending on the mass of hydrogen and, therefore, the mass of sample analyzed. The results for hydrogen would therefore be overestimated for small masses of the sample (or of the element) and underestimated for larger masses.
Estimation of the factor for each element
As discussed above, it is important to establish that there is a linear relationship between the mass of an element and its signal intensity. Drawing of correlation curves for routine work is difficult, because each sample must be prepared by weighing it and wrapping it in tin foil. The use of a factor obtained by single-point calibration is a reasonable and convenient method when a good linear relationship between the mass of an element and its signal intensity has been separately confirmed. This factor (Fx) is calculated from the following equation: 20
where Sx is the signal intensity, M the mass of the calibrant (μg), and Rx the theoretical proportion of the element in the calibrant (kg/kg). Plotting the factor against the mass of the element clarified the relationship between the mass of the element and its signal intensity better than did direct plotting of the mass of an element against its signal intensity (Fig. 1) . Figure 2 shows the relationships between the masses of the elements and their corresponding factors. The factor for C was almost constant, showing small variations with the mass of the element. On the other hand, the factors for both H and N increased with increasing mass, and the magnitude of the increase for N was smaller than that of H. According to the users' manual for the instrument, 20 the acceptable ranges for the stabilities of the factors are ±0.15 (maximum range = 0.30) for C, ±3.75 (maximum range = 7.50) for H, and ±0.16 (maximum range = 0.32) for N. Therefore, the values for both C and N were within the acceptable ranges (~0.15 for C and ~0.20 for N), whereas the value for H was not acceptable (~16). The hydrogen content of urea CRM is low (0.06713 kg/kg), and it is known that biases are introduced by the absorption of H as water on the interior surfaces of tubes in the analyzer. 21 We therefore suspect that H (as water) was absorbed on the interior surfaces of the tubes in the instrument, so that smaller factors were observed at lower masses. Interestingly, the relationship between the mass of the element and the factor for N was similar to that for H. The mass of N used should be sufficient, because the urea CRM has a high nitrogen content (0.4661 kg/kg). Thus, the observed reduction in the factor for N at lower masses might result from absorption by water adsorbed on the inside of the tubing. The most plausible place for the absorption to occur is the region between the combustion tube and the reduction tube, because water interacts more readily with nitrogen oxides than with elemental N, although the loss of N as NH3 through the thermal decomposition of urea prior to combustion cannot be excluded.
In routine work, N-phenylacetamide (C8H9NO) supplied by the manufacturer is used to check the condition of the instrument. We therefore compared the factors obtained for urea CRM with those obtained by using N-phenylacetamide (the dashed line in Fig. 2 ). The factor for C was comparable, and that of H became comparable when a larger sample mass was used. The factor for N also became close to the factor for N-phenylacetamide when a larger sample was used, but it did not reach that of N-phenylacetamide. If the acceptable range of factors for N (±0.16), as mentioned above, is taken into account, this difference (~0.04) can be considered to be negligible. Therefore, we consider that a plateau occurs at 2 mg of urea.
It is noteworthy, however, that the smaller factor for N at smaller masses is dependent on the mass of the urea CRM, rather than on the mass of N. This suggests that the use of a 2-mg mass is reasonable for both the urea CRM and the samples, and adjusting the total mass to 2 mg is easier than adjusting the mass of each element in the calibrant and the samples.
Examination of interesting phenomenon using a different instrument
It is important to examine wheather the interesting phenomenon (Fig. 2) is dependent on the instrument, or is also observed for other instruments. Thus, we also used another instrument (Yanaco, MT-5) to perform the same experiment. Since the Fig. 3 Relationships between the mass of the urea CRM and the signal intensity for carbon, hydrogen, and nitrogen (a), and relationships between mass of the urea CRM and the factors for carbon, hydrogen, and nitrogen (b). Both data were obtained by a CHN corder system of the other instrument was quite different from that of our instrument, 21 especially regarding the tubing system, another instrument is suitable to examine the phenomenon. Figure 3 shows the results obtained by the other instrument (Yanaco, MT-5). Here, the differences in the signal intensities and the Fx values between the two instruments are not meaningful because their systems are quite different. 21 Both C and N showed good linear relationships (r 2 = 0.99932 for C and r 2 = 0.99931 for N), whereas H showed a slightly poor linear relationship (r 2 = 0.99556), which varied depending on the mass of hydrogen (Fig. 3a) , as observed by our instrument (Fig. 1) . As for the relationships of the used mass and the Fx values (Fig. 3b) , both C and N did not show any trends that depended on the mass used, whereas H showed less response at the lower mass used. For this instrument, corrections of the molar fraction in a gas state should be performed to obtain accurate results, 22 and these correction factors (fC, fH, and fN) are good parameters to examine the different responses because the CHN content of the sample is constant. The fH value at 0.2-mg mass was only 73% of that at 2-mg mass, although fC and fN were not different between masses of 0.2-mg and 2-mg. This result also supports that there is a significant suppression of the Fx value for H at lower masses.
To overcome this for H at lower masses, we set the cartridge heaters (120 C) between the combustion and reduction tubes and between the reduction and absorption tubes. However, no significant improvement was observed (data not shown). This fact suggests that the suppression of the Fx value for H at the lower masses is difficult to overcome by only using heating tubes.
The use of 1.5-mg mass seemed to be sufficient for this instrument (Fig. 3b) , and appropriate masses should be dependent on each system and condition. Thus, the appropriate mass should be examined for each instrument and the condition before use. At least from our results, 2-mg masses of the samples should be used to obtain accurate results, even for other instruments.
Application of the factors obtained from the urea CRM to amino acid CRMs
Amino acids are constituents of proteins, and their CHN contents vary depending on the nature of the particular compound. We therefore applied those factors obtained for the urea CRM at 2 mg to elemental analyses of amino acid CRMs, because amino acid CRMs have high purities (0.997≤ kg/kg), and are used in the Kjeldahl method for the purposes of certification.
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Analytical results (observed contents) were obtained by using the following equation derived from Eq. (2):
We selected four amino acid CRMs (glycine, L-isoleucine, L-alanine, and L-phenylalanine) that have different CHN contents. Table 1 summarizes the theoretical contents (assuming a purity of 1.000 kg/kg), the calculated contents (obtained by using Eq. (1) and the purity and impurities described in the certificate of the material), and the analytical results obtained by applying the factors for urea CRM (17.7 for C, 48.8 for H, and 6.30 for N, based on the average at ~2 mg used, Fig. 2 ). For each of the amino acids, the differences between the theoretical and calculated contents were only 0.0001 kg/kg; this difference is negligible compared to the 0.003 kg/kg difference permitted in routine work. 21 This suggests that amino acid CRMs can be considered to be pure materials (1.000 kg/kg purity) in relation to their CHN content. The measured contents were close to the theoretical and calculated contents (-0.0010 kg/kg to +0.0026 kg/kg) with good repeatability (≤0.0005 kg/kg in CHN contents, except for C in L-isoleucine; n = 4). Although the N content was generally lower than the theoretical and calculated values (from -0.001 to -0.0002 kg/kg in CHN contents), this difference is negligible comapred to the 0.003 kg/kg difference permitted in routine work. 21 Therefore, urea CRM can be used as a reliable calibrant for elemental analyzers concerning compounds with various CHN contents.
Application of factors obtained from urea CRM to food CRMs
Food samples contain not only protein, but also other materials, such as carbohydrates and lipids, making it difficult to calculate the theoretical contents of the various elements. However, as we have shown, it is more important to adjust the total mass of the sample rather than the mass of each individual element, so we weighed out 2 mg samples of foods, and quantified their CHN contents by using an elemental analyzer. Table 2 summarizes the results. The repeatability of the results was good for all elements in all the food CRMs (≤0.0025 kg/kg in CHN contents; n = 4), and was particularly good for N (≤0.0007 kg/kg; n = 4). The repeatabilities of these analyses were comparable to those obtained with the amino acid CRMs (Table 1) , although their certificates recommend that the masses of samples used in analyses should be more than 0.3 g. [15] [16] [17] [18] This repeatability satisfies the criteria recommended by the International Organization for Standardization.
1,2 Among the food CRMs, the N content showed a greater variation (from 0.0332 to 0.1388 kg/kg) than did C or H, although the contents of these elements were comparable within fish tissue CRMs (cod fish tissue and swordfish tissue). This result reflects the characteristics of the original food. The repeatability of the analytical results suggests that the food CRMs have good homogeneity, and can therefore be used as common materials for CHN analyses on a small scale (~2 mg).
Conclusions
We have examined the use of urea CRM (NMIJ CRM 6006-a) as a reliable calibrant for C, H, and N analysis in an elemental analyzer. Although the use of 2-mg samples of urea CRM and the analyte is recommended so as to avoid bias, urea CRM can, nevertheless, be used as a reliable calibrant to obtain the contents of C, H, and N in pure materials or food samples in an elemental analyzer. 
